The purposes of this study were to investigate the changes in macular parameters (thickness, volume) and peripapillary retinal nerve fiber layer (RNFL) thickness (RNFLT) in different cases of amblyopia versus the normal fellow eyes using optical coherence tomography (OCT) and to estimate the relationship of OCT changes with various defined patients' parameters. Design: This is a prospective, observational, cross-sectional case series. Methods: The method involved measuring the peripapillary RNFLT, macular thickness, and macular volume via spectral domain (OCT) in different types of amblyopia and comparing with the other fellow eyes. This study was conducted at the Mansoura Ophthalmic Center. Results: A total of 64 patients with different types of amblyopia were included. The mean central macular thickness (CMT) was 196.2±50.03 µm in the amblyopic eyes versus 167±12.76 µm in the fellow eyes (P=0.000), the mean average macular thickness was 265.80±12.77 µm in the amblyopic eyes versus 259.10±3.09 µm in the fellow eyes (P=0.000), the mean macular volume was 7.59±0.32 mm 3 in the amblyopic eyes versus 7.34±0.071 mm 3 in the fellow eyes (P=0.002), and the mean global RNFLT was 97.00±11.60 µm in the amblyopic eyes versus 78.50±13.05 µm in the fellow eyes (P=0.029). There was a discrepancy between the different amblyopic types. Age and the axial length were the only independent variables that statistically significantly correlated with the CMT.
Introduction
Amblyopia is known as unilateral-or bilateral-reduced best-corrected visual acuity (BCVA) in response to abnormal visual stimulus throughout a critical period of development of the visual areas in the brain. Yet, some studies found a strong association between the amblyopic eye and cellular atrophy in the lateral geniculate nucleus (LGB). [1] [2] [3] Modern advances in neuroanatomy and neurophysiology have reopened the possibility that there is some retinal dysfunction in amblyopia. 4 The retina is considered a motivating region for studying amblyopia and is still under investigation. The retinal alteration in the amblyopic eyes has not been clarified yet. 5 Amblyopia might affect the postnatal maturation process of the retinal ganglion cells (RGCs), resulting in RGC reduction and abnormalities.
Optical coherence tomography (OCT) is a noncontact and non-invasive high-resolution imaging technology of the retinal layers. 7 There have been various attempts to investigate the structural changes in the macula and retinal nerve fiber layer (RNFL) of amblyopic eyes. 8, 9 So far, the study of macular and RNFL variations in amblyopic eyes is still an interesting research topic due to the diverse published results [10] [11] [12] [13] [14] and the lack of evident association between these changes and the patients' parameters. Hence, this study was aimed to compare the variations in macular parameters (central thickness, average thickness, macular volume) and parapapillary RNFL thickness (RNFLT) in different cases of Egyptian amblyopic eyes versus the normal fellow eyes using spectral-domain OCT. In addition, it aimed to estimate the relationship of OCT variations with different defined patients' parameters (age, sex, BCVA, spherical equivalent [SE] refractive error, and axial length [AL] ).
Patients and methods
The study was designed as a prospective, observational, cross-sectional study, which was conducted from April 2013 to April 2014 at the Mansoura Ophthalmic Center, Mansoura University, Egypt.
ethical consideration
The study was registered and reviewed by the ethics committee of Faculty of Medicine, Mansoura University. Approval from the Institutional Review Board was obtained and the study adhered to the Declaration of Helsinki (institutional review board [IRB] : R/16.10.41). Written informed consents were obtained from all patients or their parents after the nature of the study was well discussed.
subjects inclusion and exclusion criteria
All cooperating patients with unilateral moderate amblyopia (visual acuity [VA] ranged from 0.3 to 0.1) and strabismic, anisometropic, and deprivational amblyopia with central fixation were included. Uncooperative patients, mixed amblyopia patients, patients with severe amblyopia with poor or eccentric fixation (VA ,0.1), mentally retarded patients, and patients with any structural abnormalities of the eye, either congenital or acquired, were excluded.
Methodology
All enrolled patients underwent a complete history taking, including ocular history, general history, and family history; a comprehensive eye examination was performed, including slit lamp examination, cover test, prism bar cover test, assessment of ocular movements, and fundus examination using indirect ophthalmoscope. Cycloplegic autorefraction was determined by Canon auto refractometer (Canon CR-30; Canon, Inc., Huntington, NY, USA) and then assured by cycloplegic retinoscopy. Errors of refraction were converted into the SE. The SE was elucidated as the algebraic sum of spherical power plus half of the cylinder power in diopter (D). Monocular distance VA was tested (uncorrected and BCVA) using a Snellen chart and then converted into a decimal notation. The VA was tested by the single symbol presentation. Unfortunately, there were no facilities to use amblyopia VA charts. All patients tested by the same chart and in the same situation. Amblyopia was defined as BCVA ,20/40 or 6/12 in the affected eye, not attributed to any underlying structural abnormality of the eye or visual pathway, together with two or more lines on Snellen chart difference between the two eyes. Anisometropic amblyopia was assigned as the cause if there was at least $1.0 D hyperopic difference in SE refraction between the two eyes in the absence of strabismus, $3.0 D myopic difference in SE refraction between the two eyes in the absence of strabismus or $1.5 D astigmatic difference in SE refraction between the two eyes in the absence of strabismus. Strabismic amblyopia was assigned as the cause if heterotropia was present or there was a history of previous strabismus surgery without anisometropia. Stimulus deprivation amblyopia was assigned as the cause if congenital cataract, ptosis, corneal opacities, or other media opacities obstructed vision. Mixed amblyopia was assigned as the cause, if any, of preceding causes, were present in combination. 15 Macular imaging was accomplished with an OCT device (Topcon 3D-1000 Mark II; Topcon Medical Systems, Inc., Oakland, NJ, USA). A cube 6 mm ×6 mm in length fixed on the macular area was scanned with a resolution of 128-512 µm. Pupillary dilation to a diameter of at least 5 µm was done before the scanning. Internal fixation was used for all patients. Foveal fixation was assured by observing the retina via the infrared monitoring camera. The highdensity type with a typical 2 µm deep and 6 µm wide image was performed for macular scans. A 6 µm macular thickness map centered on the foveola that divided the macula into nine regions was used (Figure 1) . 16 The quantitative assessment was performed by the use of the color-coded graph and the numerical map. The 6 µm ring was divided into three rings, with the central ring corresponding to the fovea (1 µm diameter), the middle ring corresponding to the Clinical Ophthalmology 2017:11 submit your manuscript | www.dovepress.com
Dovepress

1409
Changes in macular parameters in different types of amblyopia perifovea (2 µm diameter), and the outer ring corresponding to the parafovea (3 µm diameter; Figure 2 ). Central macular thickness (CMT; foveal thickness) was defined as the average macular thickness in the central 1 µm, 16, 17 average macular thickness was defined as the mean of thicknesses in nine regions, 18 and macular volume was defined as the sum of volumes in all nine regions. RNFLT was scanned with a diameter of 3.4 µm around the optic disk. The software measured the mean thickness values for each quadrant (superior, inferior, temporal, and nasal) and the average global thickness of RNFL. The scanning was done on the normal eye first and then repeated on the amblyopic eye in the same visit. To ensure more accuracy, all the OCT scans were taken by the second author. Well-focused and good-quality scans with a signal strength of .20 were only included, and poor quality or decentered scans were excluded.
The AL was measured by a Nidek's ultrasound device (Nidek US-4000; Nidek Medical Products, Inc., Fremont, CA, USA). Three readings were taken, and the average AL was calculated in micrometers (µm) and used as an actual initial AL.
Data collection
BCVA, AL, SE, CMT, average macular thickness, macular volume, and RNFLT in different quadrants were collected from the amblyopic eyes and the fellow eyes as well as the age and the sex of all participants were collected.
statistical analysis
Statistical analysis was performed using SPSS program version 20 (IBM Corporation, Armonk, NY, USA). All variables were displayed in mean ± standard deviation. A paired t-test (two-tailed) was conducted to compare the mean of study outcomes between the amblyopic eyes and the other fellow eyes. The association between the macular parameters and RNFLT and the defined patients' parameters (age, sex, BCVA, AL, SE) was estimated by the linear regression test. To adjust the effect of SE on AL, the correlation using linear regression test between AL and SE was performed with a predicting equation to get "adjusted AL". The normality of study variables was tested by the histograms and P-P plots. The P-value of #0.05 was considered as statistically significant.
Results
Demographic data and grouping of the patients
A total of 64 patients were included whose age ranged between 7 and 32 years. The mean age was 13.3±3.7 years. In all, 35 patients were females and 29 were males. The patients were classified into three main groups: strabismic amblyopia (22 patients), anisometropic amblyopia (30 patients), and deprivation amblyopia (12 patients). The anisometropic group was subdivided into three subgroups: myopic anisometropia (10 patients), hyperopic anisometropia (14 patients), and astigmatic anisometropia (six patients; Table 1 ).
Comparison of the mean macular thickness and rnFlT in amblyopic eyes versus the normal eyes
The mean macular thickness (central thickness, average thickness, and macular volume) and the mean RNFLT in all patients versus the fellow eyes are presented in Table 2 . There was a statistically significant difference between the amblyopic eyes and the fellow eyes (P,0.05). Figures 3 and 4 represent the differences between the amblyopic and fellow eyes.
Parameters of strabismus amblyopic group
Regarding the strabismus group, the mean BCVA was 0.3±0.1 and the mean SE was +0.5±0.75 D. In the strabismus group, there was a predominance of esotropia (18 cases) versus exotropia (four cases). The mean CMT and macular volume among this group were significantly higher than those of the fellow eyes (P=0.033 and P=0.047, respectively), while the average macular thickness showed an insignificant increase in amblyopic eyes (P=0.084). In addition, there was a significant difference in the global RNFLT values (Table 3) .
Parameters of deprivational amblyopic group
Among the deprivational group, the mean BCVA was 0.1±0.1 and the mean SE was +1.0±0.6 D. The cases of deprivational amblyopia (12 patients) were as follows; nine cases had unilateral congenital cataract; they were operated after 2 years of age. There were three cases with severe ptosis (two cases were congenital and one case with posttraumatic third nerve palsy). The mean CMT showed a significant variance between the amblyopic eyes and the fellow eyes (P=0.021), while the average macular thickness, macular volume, and the global RNFLT showed an insignificant difference (Table 4) . 
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Parameters of anisometropic amblyopic group
In the anisometropic group, the mean BCVA was 0.2±0.01, 0.1±0.02, and 0.1±0.01 in myopic, hyperopic, and astigmatic anisometropic subgroups, respectively. The mean SE in the previous three subgroups (myopic, hyperopic, and astigmatic) was -8.0±2.0 D, +3.0±1.0 D, and +2.0±1.0 D, respectively (Table 5 ).
In the myopic anisometropic subgroup, only the mean CMT was significantly higher in the amblyopic eyes, while the other macular values and the global RNFLT showed nonsignificant differences. In the hypermetropic anisometropic subgroup, there was a significant variation in all macular values and the global RNFLT in amblyopic eyes comparing with those in the fellow normal eyes. Lastly, in the astigmatic anisometropic subgroup, the mean CMT reported a significant increase, while there was not a significant difference in the total RNFLT. All details of the measured values and their P-values are displayed in Table 5 . 
Linear regression between the OCT findings and the previously defined patients' parameters
The details are shown in Table 6 . The age and the initial AL were the only independent variables that statistically significantly correlated to the CMT. The age was positively correlated to the CMT in amblyopic eyes (P=0.002, B=0.831, adjusted R 2 =0.686, 95% CI =4.701-6.624; Figure 6 ). The initial AL was negatively correlated to the CMT (P=0.016, B=-0.301, adjusted R 2 =0.191, 95% CI =-1.050-1.634; Figure 7 ), while after adjustment of AL, linear regression between the adjusted AL and CMT in amblyopic eyes showed an insignificant correlation (P=0.930, B=0.011, adjusted R 2 =0.016, 95% CI =-13.82-15.10; Figure 8 ). The linear regression analysis between the age and CMT in normal eyes showed an insignificant inverse relation (P=0.073, B=-0.390, adjusted R 2 =0.111, 95% CI =-1.44−0.070; Figure 9 ).
Discussion
Amblyopia is known as a disease occurring during the development and maturation period of the visual pathway between the retina and the central neurons. It has various impacts on different neural levels of the visual pathway; however, the definite site of its influence is still under inquiry. 19 Some investigators hypothesized that the alterations in the LGB neurons and the visual cortex might be the primary sites of the amblyopic impact. 2, 3 With advances in imaging technology, interest has emerged to study the differences in the retinal structure in amblyopia. 20, 21 In the current study, there was a significant difference in both macular thickness and global RNFLT between the amblyopic eye and the other normal fellow eye. Furthermore, 
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Changes in macular parameters in different types of amblyopia we found a strong positive correlation between the patient's age and changes in CMT in the amblyopic eyes, while in the normal fellow eyes, there was an insignificant inverse correlation. In addition, the initial AL (without adjustment) was significantly inversely correlated with CMT, but after adjustment, this correlation faded. The retinal involvement in the amblyopic process is up till now controversial. 3 Diverse experimental studies have revealed retinal microstructures changes in amblyopic eyes such as degradation of RGCs, 22 a decline in the nucleolar volume in the cytoplasmic area of RGCs, 23 thinning in the internal plexiform layer with a decreased number of the bipolar synapses, 24 and a reduction in the density of Müller fibers. 25 Regarding the electroretinogram (ERG) evaluation of the human amblyopic eye, there was a remarkable reduction and disturbed retinal response toward the pattern stimuli in the amblyopic eyes. 26, 27 This presumed and might support the amblyopic changes at the retinal level. On the contrary, others found insignificant changes in the pattern of ERG in the amblyopic eyes. 28, 29 Currently, the retinal changes in various unilateral amblyopic types were evaluated using the OCT scans. There was a significant increase in the macular thickness and macular volume in all amblyopic eyes comparing to the other fellow eyes. This corroborated with the previous studies, 9,12 while other researchers reported no significant variations in the macular thickness 10, 30, 31 or RNFLT 10, 11, 30, 31 in amblyopic eyes. When comparing the foveal thickness in the strabismic amblyopic eyes, the current results reported higher values than the normal eyes, which emphasized those of previous studies. 20, 32, 33 In contrast, other studies found an insignificant difference between the amblyopic eyes and the normal eyes in the strabismic group. 34, 35 In addition, we observed that the same difference was found in the total RNFLT in this group (strabismic amblyopia), which was corresponding to other findings 20, 35 and in contrast to others. 34, 36 The precise cause of the increased RNFLT in the amblyopia is unclear, but it may be due to the influence of the amblyopia on the retinal postnatal maturation with a decrease in the RGCs. This might produce an increase in the RNFLT measured via OCT. 37 So, it supposedly stated that the postnatal changes would lead to a similar effect on the normal macular maturation as well, including Henle's fibers movement far away from the foveola with a reduction in the foveal diameter and an increase in the measurable foveal thickness. 33 This assumption could explain some of the anatomic changes existing in the retina of the amblyopic eyes. 37 Concerning the visual deprivational amblyopia, there were few studies that reported the changes in this type. Kim et al 38 did not find a considerable variance in deprivational amblyopic eyes compared to the normal eyes regarding the macular thickness, while they found thicker nasal RNFL in the amblyopic eyes. The present results were in contrast to this finding: there was a significant increase in the foveal thickness and the superior and inferior RNFLT. This difference in the results may be due to the measuring of the eccentric parafoveal area accidentally rather than the central foveal area. 39 This issue was of concern to the authors, and any patient with eccentric fixation was excluded from the study and the central foveal location was being confirmed during the macular scanning.
Numerous previous studies have dealt with the changes in anisometropic amblyopia with different results. [40] [41] [42] [43] In the present study, the hypermetropic amblyopic eyes exhibited a thicker CMT, thicker average macular thickness, and higher macular volume than the normal eyes. These findings are in agreement with the previous results of different studies, which formerly demonstrated a greater macular thickness in hypermetropic-affected eyes. 14, 40, 41 In contrast to these results, other studies reported that the difference in the macular thickness between the hypermetropic amblyopic and the normal eyes was negligible. 13, 32, 42, 43 The same higher values regarding RNFLT were found in hypermetropic amblyopic eyes with a significant difference from the normal eyes. These results are parallel to some studies 8, 37, 44 and contrast to the other ones. 13, 32, 42, 43 The current findings in myopic eyes were consistent with Pang et al. 12 They reported a statistically significant higher CMT in the amblyopic eyes versus the normal fellow eyes. In addition, the RNFL values in the present study did not demonstrate a significant difference between the myopic amblyopia and the other normal eyes. Previous studies concluded the minimal influence of the myopia, mainly mild degrees on the macular thickness. 45, 46 However, further evaluation is needed to ascertain if the macular thickness changes are due to amblyopia, myopia, or both. The discrepancy between all the mentioned studies presumably is a consequence of diversity in the OCT devices, measurement inaccuracy, varied races, and different ages of the participants.
Currently, the main interesting finding is the relationship of age to the CMT changes. A positive significant linear relationship between the age and the macular thickness suggested that the greater the age, the higher the thickness of the macula and thus the increase in the amblyopia impacts. This means that the age could be considered as an independent factor of the disease worsening and a predictor of treatment prognosis that can help in the clinical implementation of amblyopia treatment modalities.
However, in the normal eyes, there was no such significant positive correlation between the age and the CMT as in amblyopic eyes. We could not demonstrate this correlation; on the contrary, there was a statistically insignificant inverse correlation.
There were contradictory results concerning age's relation to CMT changes in normal eyes; some reports were in agreement with the current findings showing no significant correlation, 16, 47 while others observed a significant correlation, either positive indicating an increase in the CMT with the age 48, 49 or negative referring to a decrease in the CMT with the age. 50, 51 The current study reported a significant positive correlation between AL and SE. An inverse significant relation 
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Changes in macular parameters in different types of amblyopia between the initial AL and CMT was found; however, the mean AL had no significant correlation with CMT in the linear correlation model when adjusted by SE. In other words, the SE of our study population had a significant effect on the AL. We thought that the adjustment of AL by SE might lead to statistically accurate results. This was in disagreement with Araki et al; 52 they reported a significant correlation between the AL and CMT changes, which might be owing to the relatively small sample size (21 subjects with less difference in the mean SE among the study subjects). By contrast, Kok et al 53 concluded consistent results with our findings; they did not find an abnormal relation between the AL and CMT in amblyopic eyes. We did not find a significant relationship between refractive errors and the macular thickness or macular volume. This might be due to the exclusion of extreme errors or severe amblyopia from the study. This was in agreement with the conclusions of Rajavi et al. 54 However, to substantiate these results, a survey with a large sample size will be required including severe amblyopia.
The limitation of the present study was a relatively small sample size, whereas the broad age range (7-32 years), control group of the fellow eyes, and the correlation between the OCT parameters with different patients' characteristics, especially age and AL, were considered points of strength, which will further amend our assimilation in this area.
Conclusion
The eyes with unilateral amblyopia were prone to have a higher CMT and thicker global RNFL when compared to the normal fellow eyes. Retinal thickness variations between different types of the amblyopia differ from one type to another. Owing to our findings, the age appeared to be an independent factor of CMT variations in amblyopic eyes and has to be taken into consideration during the treatment course of the amblyopia. Further studies are needed to clarify and confirm these findings.
